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An rf ion source suitable for low power operation over a range of pressures in 
air comprises discharge electrodes having one or more cathodes (I) and an anode (2), 
Each cathode (i) is connected to an if signal supply (8) through an associated coupling 
means (4) and the anode (2) is adapted to provide a surface area over which a plasma 
discharge may occur that is not substantially greater man the total cathodal area over 
which the discharge may occur. In this way the anode (2) presents no more useful 
surface than is required to accommodate the optimum area of the plasma discharge 
thereby preventing plasma wander and enhancing the stability of the discharge over 
known ion sources. By configuring the electrodes such that the respective areas of the 
anodCand the cathode(s) over which discharge occurs are separated by no more than 5 
mm and by forming the electrodes to have highly curved ends and so creating a higly 
distorted electric field in the mter-electrode gap when the source is in operation, it is 
possible to create an effective discharge with very low power input even at atmospheric 
p ressure. 
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RADIO FREQUENCY ION SOURCE 

The present invention relates to a radio frequency (rf) ion source and in 
particular to a glow discharge source capable of low power operation over a range of 
pressures, including atmospheric, in air. 

There exists considerable interest in the development of an ion source which is 
capable of operating under similar conditions to the commercially available electron 
impact ion source but which is more versatile and more robust than that source. The 
electron impact ion source is widely used in vapour analysis systems in which it is 
coupled to a mass spectrometer. In this source ionising particles in the form of 
electrons are emitted from a heated tungsten wire into a low pressure cavity, which is 
evacuated to pressures in the region of 10" 4 to 10" 3 Torr. The electrons in this cavity 
are accelerated by both electric and magnetic fields to an energy where impact of an 
electron with a sample molecule causes ionisation of that molecule. The electron 
impact ion source has the disadvantages that it cannot operate at high pressures and 
that it tends to burn out in oxygen rich environments, making the source unsuitable for 
use in analysis systems which operate in air at or close to atmospheric pressure. 

Additionally, this source has the further disadvantage that it lacks versatility of 
use since it is effectively limited to the production of positively charged ions in a 
relatively energetic ionisation process (so called •hard 1 ionisation) and usually has 
associated with it sample molecule fragmentation. 

There also exists considerable interest in the development of an ion source 
capable of operating efficiently at atmospheric pressure with air as the discharge gas in 
which the plasma is maintained and of interfacing with commercially available mass 
spectrometers. This would allow for the direct sampling of air in order to monitor for 
the presence of impurity gases, given off for example from some drugs or explosives 
such as TNT, RDX and PETN. 
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created in a radio frequency discharge, the energy distribution of the ejected ionised 
particles increases as the frequency of the rf field decreases. 

Generally in rf ion sources both positive ions and electrons are generated within 
the plasma. The difference in the mobilities of these charged particles causes a self- 
bias to develop on the electrode which is capacitativdy coupled to the rf power supply. 
The degree of this self-bias is governed by the geometry of the source and in particular 
by the relative surface areas of the discharge electrodes, between which a plasma may 
form. In prior art devices the geometry of the source is such that the surface area of 
operative end of the driven electrode is small compared with that of the operative end 
of the grounded (or floating) electrode, which electrode often includes the contacting 
walls of the ionisation cell. This results in the generation of a negative self-bias. For 
this reason the driven electrode is customarily termed the "cathode" and the grounded 
(or floating) electrode the "anode" and therefore throughout this document the terms 
cathode and anode shall be taken to refer to the driven and grounded (or floating) 
electrodes respectively. 

It is an aim of Ihe present invention to provide a positive and negative ion 
producing source which is able to produce a stable plasma over a wide range of rf 
operating frequencies, rf peak to peak amplitudes and source pressures. 

According to the present invention there is provided an rf ion source 
comprising one or more cathodes, an anode, and coupling means operably connected 
to each associated cathode for coupling the associated cathode to an rf signal supply 
wherein substantially the major part of the respective areas of the anode and cathode 
over which discharge can occur are separated by not more than 5 mm and wherein the 
said area of the anode over which discharge can occur is not substantially greater than 
the corresponding total area of the cathode or cathodes over which discharge can 
occur and the cathode or cathodes are configured such that, in operation of the source, 
the electric field in the space between the anode and the cathodes) is substantially 
distorted so as to encourage maximal formation of ions and electrons therein. 
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The overall increase in available current greatly reduces the voltages (and 
consequently the powers) which are required both to initiate the plasma and to 
maintain it. The power demands are also further minimised by establishing the inter- 
electrode gap at a separation of not greater than 5 mm. However, h will be readily 
appreciated by those skilled in the art that if the discharge electrodes are too close then 
the size of plasma will be too small to produce a useful ionisation. Therefore it is 
advantageous if each of the one or more cathodes are arranged substantially 
equidistant from the anode to define a gap therebetween of typically not less than 0.5 
nun. 

It has also been discovered that if the surface area of the anode over which 
plasma discharge can occur is large compared with the plasma area then the plasma 
can wander over the surface and that this contributes to the instability of the plasma 
generated in prior art sources. This is believed to be in part due to the fact that as the 
plasma forms it changes the^surface conditions of the anode in the vicinity of the 
plasma so that conditions on other parts of the surface become more favourable to 
plasma formation. By instead configuring the anode such that the said area of the 
anode over which plasma discharge can occur is not substantially greater than the 
corresponding total area of the cathode or cathodes over which discharge can occur 
the ability of the plasma discharge to wander is reduced. Preferably the surface area of 
the anode over which plasma discharge can occur should be somewhat less than the 
corresponding total area of the cathode or cathodes over which discharge can occur 
and more specifically it is desirable that the surface area of the anode over which 
discharge can occur should be no greater than substantially the cross-sectional area of 
the discharge created when the source is operational. 

It will be appreciated by those skilled in the art that the areas over which 
plasma discharge can occur are essentially limited to those areas respectively of the 
anode and cathode(s) .which are in closest proximity. In a prior art ion source of the 
above-described type however the area of the anode which is proximal to the cathode 
is very extensive because substantially the whole of the ionisation chamber walls act as 
the anode. The increased plasma stability which is the result of configuring the 
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electrodes according to the present invention provides a greatly advantageous feature 
of the ion source according to the invention as compared to prior art sources. 

Whilst it is above stated that the surface area of the anode over which 
discharge can occur should not be substantially greater than the corresponding total 
area of the cathode or cathodes over which discbarge can occur and preferably not 
substantially greater than the cross-sectional area of the discharge itself, the nanunum 
area which the anode may usefully have is dependent upon the thermal conductmty of 
the metal from which it is made ie the minimum area of the anode depends upon tts 

ability to conduct heat away from the plasma discharge surface to prevent damage and 

distortion to the anode. Such area is typically not le^ 

area over which discharge may occur. 

I„ use the rf ion source is operated in the so called normal glow discharge 

called abnormal glow discharge regime so as to ensure that the source produces the 
n^nmareaofplasmamschargeunderanygivenop^ Smcethe 
power required to achieve this increases as me total surface area of the cathodes) 
increases and in order to reduce the power required in operation-of the source, * »s 
advantageous to make the cathodal area (and consequently the anode) as small as 
possftlewhuststillbemgcapableofprovidmgausefelplas^ Fortius, 

for the source of this invention may conveniently be formed using commercally 
available wire, thin rod or bar. Such materials also have the advantage of bemg 
inexpensive both as regards initial cost and as regards manufacture into smtable 
electrodes. 
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decreases thereby increasing the resolution of an analysis system which incorporates a 
mass spectrometer operatively coupled to the source of the present invention. 

Most usefully, the applied rf power required to produce ionisation may be 
further reduced by having the coupling means adapted to capachively couple its 
associated cathode through an rf power amplifier to the rf source since in this 
arrangement the flow of any net current through the system is substantially reduced 
thereby allowing the voltage drop between the each of cathodes and the anode to 
increase. 

The reductions in rf power required to form and maintain a plasma enables the 
source to be operated at rf powers typically in the region of as low as only 0. 1 W for 
air as the sample carrying discharge gas when operated at 1 Torr and in the region of 1 
W when operated at atmospheric pressure. This relatively low power requirement has 
an advantage that it is possible to power even a multi-cathode source, operating at 
atmospheric pressure, using miniaturised components on a circuit board which 
facilitates their large volume production. Furthermore, since the source is able to 
operate at such low powers then where hard ionisation is required, for example when 
the source is used to substitute for the electron impact source, the additional power 
requirements may still be met using miniaturised components. Most preferably each 
coupling means comprises a variable capacitance matching circuit in operable 
connection with an individual variable power rf amplifier. In this configuration the 
forward power at each cathode may be individually maximised and the magnitude of 
the rf voltage amplification individually adjusted for each plasma discharge gas. 

Additionally, when a multiple cathode arrangement is used preferential plasma 
formation may occur between the anode and the cathode where the characteristics 
were energetically most fevourabie, for example the closest cathode if the 
anode/cathode separation is not identical for each cathode. This results in the problem 
that plasma discharges at the other cathode or cathodes would only be achieved by a 
significant increase in the amplification of the rf power. This problem may be 
alleviated if each cathode has its own variable power rf amplifier and matching circuit, 
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energy distribution of the ionised particle samples, for example where the samples are 
to be analysed by a mass spectrometer, it is preferable to arrange the interface orifice 
end the discharge electrodes so that only ionised particles leaving the plasma at an 
angle, and preferably substantially perpendicular, to the axis of the plasma connecting 
the discharge electrodes pass through the orifice. Using this arrangement the ionised 
particles do not pass through the high field regions near the electrodes. 

A means for accelerating the flow rate of the sample carrying gas, for example 
a pump or fan, may usefully be incorporated into one or both of the inlet or the outlet 
thereby effectively increasing the availability of the sample for ionisation. It will be 
appreciated by those skilled m the art that the actual flow rate will be dependent to 
some extent on the use to which the ion source will be put, for example where a 
narrow energy distribution is required then the time the ions are resident within the 
plasma should be longer and consequently the flow rate slower than when there is not 
this requirement, but flow rates of typically 6 cm 3 /s may be used when sampling 
substances in air. 

Embodiments of the rf ion source according to the present invention will now 
be described, by way of example only, with reference to the drawings in the 
accompanying figures of which: 

Figure 1 is a schematic representation of a 3-cathode configuration of the ion 
source according to the present invention. 

Figure 2 is a schematic representation of a coupling means suitable for use in an 
ion source according to the present invention. 

Figure 3 is a schematic representation of a single cathode configuration in place 
within an ionisation chamber. 

Figure 4 is a schematic representation of the embodiment of figure 3 interfaced 
with a commercially available ion trap mass spectrometer. 
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Figure 5 shows representative spectra obtained for water clusters using the 
configuration shown in Figure 4 operating in air at 960 mTorr where a) is collected at 
2.1 MHz and b) is collected at 1.6 MHz. 

Figure 6 shows representative spectra obtained for FC-43 using the 
configuration shown in Figure 4 operating in air at 960 mTorr with an if frequency of 
2 MHz where a) is using 0.1 W of applied power and b) is using 0.4 W of applied rf 
power. 

Figure 7 shows representative negative-ion mass spectra produced by 
generating a radio frequency discharge in air at 800 mTorr with an rf frequency of 
about 2 MHz and selecting negative ions from the discharge, (a) shows the spectrum 
up to m/z 450, (b) details lower mass ions and (c) details some higher mass ions. 

The rf ion source shown in Figures 1 and 2 comprises three cathodes (1) 
arranged to be equi-dis^^ TheSC 
discharge electrodes (1,2) are fabricated from 0.9mm diameter Fecralloy wire 
(commercially available from Goodfellow Cambridge Limited, Cambridge Science 
Park, Cambridge UK, [product code: FE085240]), but it will be appreciated that any 
suitably dimensioned electrical conductor may be substituted, with the tip of the 
cathode (1) being drawn into a needle point. 

The cathodes (1) are electrically insulated from each other by mounting them in 
insulating block (3) which is positioned on the cathodes (1) so as not to be 
lBC eptibletodarr*gefrommeh^ A separate coupling 

(4) is provided for each cathode (1) comprising a linear response rf amplifier (5) 
which is coupled to its respective cathode (1) through a wattmeter (6) and associated 
variable capacitance matching circuit (7). The variable capacitance matching circurt 
(7) is configured so that the cathode (1) can be connected to the electric circuit at (C) 
and rf signal supply (8) can be connected to the electric circuit before the amplifier (5) 
at point (S). Thus the coupling means is essentially similar to ones used in pnor art ion 
source except that the rf amplifier is adapted to operate in the sub-W amplification 
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region. Each low powered linear response rf amplifier (5) is operably connected to an 
rf signal supply (8). It will be' appreciated by those skilled in the art that the rf signal 
supply (8) may comprise a common rf signal generator or may comprise three such 
generators, one connected to each cathode, depending on the application to which the 
source is to be put 

Referring now to Figure 3, the ion source comprises a single, flat ended 
cathode (3 1) and an anode (32) which again are formed from 0.9 mm diameter 
Fecralloy wire or some other suitably dimensioned electrical conductor. These 
discharge electrodes (31,32) are positioned so that a plasma discharge will occur 
across and approximately 0.5 cm from a 200 um diameter inlet (10) for a sample 
canying gas through a wall of the ionisation chamber (9). The cathode (3 1) and the 
anode (32) are each maintained in this position by an insulating ceramic bridge support 
(33) with the cathode (31) passing through and insulated from the ionisation chamber 
(9) to connect with an rf signal supply (8). This comprises a single rf signal generator 
and is connected to the cathode via a coupling means (4) whereas the anode (32) is 
connected to earth through the walls of the ionisation chamber (9). The ionisation 
chamber (9) is further provided with an outlet (12) through which the gas is drawn out 
by a pump (13). An interface orifice (14) is also provided in a wall of the ionisation 
chamber (9), opposite the inlet (10) and positioned so as to be capable of collecting 
only samples of ions emitted substantially perpendicular to the axis (A) of the plasma 
which connects the discharge electrodes (31,32). 

An example of the application for which the ion source of Figure 3 is 
particularly suitable is shown schematically in Figure 4. Here the ionisation chamber 
(9) is arranged so that the interface orifice (14) is operably connected to an 
electrostatic tensing system (1 5) and then to a conventional mass spectrometer (16), 
such as the ion trap mass spectrometer commercially available from Fmnigan MAT 
Limited, Paradise, Hemel Hempstead, Herts, UK. This arrangement is particularly 
suited to the continuous sampling and analysing of the atmosphere to identify trace 
amounts of impurities contained therein because the ion source according to the 
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present invention is capable of low power operation in air over a range of pressures, 
including atmospheric pressure. 

Examples of mass spectra plots of ion intensity against atomic mass to atomic 
charge ratio (m/z) which were obtained using an arrangement similar to that shown in 
Figure 4 are provided in Figures 5 to 7. These spectra were generated using a plasma 
discharge generated in air below atmospheric pressure with applied rf powers of the 
order of 0.1 to 0.5 W and contain peaks characteristic both of the air and of the 
impurity (Figures 5 and 6). The impurity deliberately introduced into the air is either 
water clusters or small quantities of FC-43 (perfluorotri-n-butylamine, CuF^N) 
vapour and is introduced by allowing the air stream to pass over a glass spoon 
containingtypicallyO.l ml of water or FC-43 liquid before it passed through the inlet 
(10). No impurity was introduced in the case of the spectra provided in Figure 7. 

Figures 5 a and b show mass spectra for water cluster impurities collected 
usinga)2.1 MHz rf field and b) 1.6 MHz rf field, both at a power of 0.1 W and at a 
pressure of 960 Torr. Water clusters, H,0 W> )o , require little energy to dissociate 
them and therefore are a useful indicator of the ability of the plasma discharge to cause 
fragmentation or ionisation. The peaks associated wim different values of n are 
indicated onFigures 5 (a) and (b). In the spectrum generated at 2.1 MHzclusters 
were recorded with n=l-9 whereas when the rf frequency was reduced to 1.6 MHz 
clusters with n>3 were lost. The greater fragmentation at the lower frequency 
indicates that the ionising particles from the ion source become harder as the rf 
frequency is decreased. 

Figures 6 a and b show representative mass spectra of ions produced from FC- 
43 and the variations in their intensity with applied rf power. Figures 6 a and b show 
.nass spectra obtained using a) 0.1 W and b) 0.4W and indicate the presence of pos,t,ve 
ions identified as CF 3 (m/z=69), C J> <m/z=V3 1) and CF,oN (m/z^64). These 
spectra illustrate that effective ionisation occurs even at these low powers and that, 
analogous with the high powered prior art ion source, ionisation becomes harder as the 
powerincreases. SUBSTITUTE SHEET (RULE 26) 
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Figure 7 demonstrates the operation of the rf ion source in negative-ion 
collection mode. These spectra were collected at a source pressure of 800mTorr and 
were generated by an rf discharge created in air, without the deliberate introduction of 
any impurity into the air stream. 
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CLAIMS 



ions and electrons therein. 

i ««i in Claim 1 wherein the surface area of the anode 
2 An rf ion source as claimed in Claim wnerein 

. . „ rtmir is less than the corresponding total area of the 
over which the discharge can occur is less man m y 

cathode or cathodes over which discharge can occur. 

cathode(s) are fabricated from wire. 

. • ^^anvnrecedme claim wherein each of the one or 
5 . Anrfion source as claimed m any precewng ciaun 

more cathodes is formed into a needle point. 
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6. An rf ion source as claimed in any preceding claim wherein each of the one or 
more cathodes are arranged substantially equi-distant from the anode to define a gap 
between the anode and each cathode of from 0.5mm to 5mm. 

7. An rf ion source as claimed in Claim 6 wherein the each of the one or more 
cathodes and the anode are moveable relative to one another to define a variable gap 
therebetween. 

8. An rf ion source as claimed in any of the preceding claims wherein the coupling 
means is adapted to capacitively couple its associated cathode to an rf signal supply. 

9. An rf ion source as claimed in Claim 8 wherein the coupling means comprises a 
variable capacitance matching circuit in operable connection with an rf power 
amplifier. 

10. An rf ion source as claimed in Claim 9 wherein the rf power amplifier is a low 
power linear response amplifier. 

11. An rf ion source as claimed in any preceding claim wherein the number of 
cathodes is one. 

12. An rf ion source as claimed in any of the preceding claims further comprising 
an ionisation chamber in which the discharge electrodes are housed, said chamber 
having an inlet and an outlet configured to provide for the through flow of sample 
carrying gas and an interface orifice adapted to permit the passage of ionised particles 
out of the ionisation chamber. 

13. An rf ion source as claimed in Claim 12 wherein the discharge electrodes are 
cooperatively configured with the interface orifice so that only those ions emitted at an 
angle to an axis through the plasma and the discharge electrodes are capable of passing 
through the interface orifice. 

SUBSTITUTE SHEET (RULE 26) 



WO 96/19822 



16 



PCI7GB95/02918 



, 4 to^w-*^*^* 1 ^*'**''"***?' 
i interface orifice. 



1S An rf ion source as claimed in any of the claims 12, 13 or 14 wherein the 
15 An rf, on sou ^ chamber „ M to be capable 

discharge electrodes are positioned witmn xne 

Figures 1 to 3 of the accompanying drawings. 




SUBSTITUTE SHEET (RULE 26) 



2/5 



Fig.3. 




Fig.4. 



9 ^ 








14 




^■32 







^12 

SUBSTITUTE SHEET (RULE 26) 



WO 96/19822 PCT/GB95/02918 

3/5 



(a) 




9 



r i 'i [ i i i | i i ' | ' ' ' I ' ' ' I ' ' ' I 

20 40 60 80 100 120 140 



i i i I i I I | ' ' ' j m/ z 



160 180 200 



(b) 



l■'M'■M^^M'^'l^ l M'^M^''l ' l l T m/z 

20 40 60 80 100 120 140 160 180 200 



SUBSTITUTE SHEET (RULE 26) 



WO 96/19822 



4/5 



PCT/GB95/02918 



Fig.6. 



CF 3 + 



(a) 



C 3 F 5 + 



C 3 F 5 + 



CF 3 + 



C 5 F10N + 




C 8 F16N + C 9 p 20 N + 



(b) 



+ CgF 2 0N + 




SUBSTITUTE SHEET (RULE 26) 



WO 96/19822 



5/5 



PCT/GB95/02918 



Fig. 7. 



02 



N ° 3 * 



N0 2 * 




(a) 



i- i ) i i i i | i i i i i i i i i | i i i i 1 1 i i i | 

100 200 300 



i i i i I i i i i i i i i i | i i i i i 



400 



o 2 - 



N0 2 " 



(b) 



N0 3 - 




' '7 



ii uiiii i i i ir i iiii i riiiiiii»i | iniiiii i ji ii i i in i |i i iiiii i i|»"'''' ' '|' l '' lllll | 

20 30 40 50 60 70 80 90 100 



(C) 



300 310 320 330 340 350 360 370 380 390 



SUBSTITUTE SHEET (RULE 26) 



INTERNATIONAL SEARCH REPORT 1 PC1/6B 95/02918 



n , cirn - - — dmflcalion Si ' pc 



I According to International Patent 

^r^,— - 

IPC 6 HBU 



I Documentation searched otter * 



^cntanon to the c«ent that .uch d~ are inOuded tn the M « ^cn~ 



I Electronic data base 



consulted during the 



"intemaoonal aarch (name of del* base « 



.where prececal, search tentBiKed) 



I c. nnrunn- ™""™»edto be relevant . - 

^ - of — wtth mdicaout, where ap^a*. of - retevan, 



sJecSSer for analysing secondary .ons 
see the whole document 

ANALYTICAL CHEMISTRY, _ 

SOURCE' ,.4.4-. 

cited in the application ^ 

see page 142T, right column - page 1428, 

left column 



Further document* conanuWonofboxC^ 
' Speaal categories of cited document! : 

of the art which u doI 
I -a* document defmmg the general «f» ™ 

... =ssaff2=.-— — 

au&on or other speav rcaaw« -»~ .. WhM , w 

l-O- dement refemag U, an oral dudosure. use. eshibthon or 



"Li 
0 



Relevant to claim No. 



I- 5, 

II- 14,16 



I- 5, 

II- 14,16 



family membert are hsted in 



later document P^»<^^^ 
^ L^Lnt member of the «ame patent famriy 



! Date of the actual completion 



of the international search 



15 Ma rch 1996 

^^S, P-B. Patent 

Faxt-f)«W)»0-30IS 
^7 ra PCT,1SA,1I0 paea* «»t| CM» WW 



Dau of mailing of the n 

22.03.96 



Authorized officer 



in tcmaaonal search report 



Colvin, G 



page 1 of 2 



INTERNATIONAL SEARCH REPORT 

■ — > DOCU MENTS C0N5.0E.U*> »Q BE RELfcVANi 



PCT/ijB 95/02918 



tUlevmt u diim No. 



A 



W0.A.93 11554 (GRASEBY DYNAMICS LTD) 19 

June 1993 

see figure 1A 16 

see page 6, line 24 - page 7. line 10 
see page 13, line 25 - page 14, line 8 

VI0.A.93 21653 (UNIV CLEMSON) 28 October 
see page 1 - page 5 



1,5.7 



v 



page 2 of 2 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 



Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 



lij BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



BEST AVAILABLE IMAGES 




THIS PAil BLANK (uspto) 



